Germination of spores of Bacillus cereus T and Bacillus subtilis 168 was inhibited by the trypsin inhibitors leupeptin and tosyllysine chloromethyl ketone (TLCK) and by the substrates tosylarginine methyl ester (TAME), benzoyl-Larginine-p-nitroanilide (L-BAPNA) and D-BAPNA. Potencies of these inhibitory compounds were estimated by finding the concentration which inhibited 50 % germination (IDs0), as measured by events occurring early (loss of heat resistance), at an intermediate stage [dipicolinic acid (DPA) release], and late in germination (decrease in optical density). In B. cereus T, all the compounds inhibited early and late events with the same IDs0. In B. subtilis, TAME inhibited early and late events at the same IDs0, but all other inhibitors had a lower IDs0 for late events than for early events. This suggests that a trypsin-like enzyme activity is involved at two sequential stages in the germination of B. subtilis spores, one occurring at or before the loss of heat resistance and one at or before the decrease in optical density. Different trypsin-like activities were detected in broken dormant spores and germinated spores of B. cereus T and in germinated spores of B. subtilis by means of three chromogenic substrates: benzoyl-L-phenylalanyl-L-valyl-L-arginine-~-nitroa~ide (L-PheVA), L-BAPNA and D-BAPNA. Separation of extracts of germinated spores on non-denaturing polyacrylamide gels showed that in both species the substrates were hydrolysed by three distinct enzymes with different electrophoretic mobilities. The three enzymes had different Ki values for the above inhibitors. The possibility that L-BAPNase from B. cereus T might be involved in the initial germination steps was suggested by the similarity of IDs0 values for germination and Ki values for inhibition of the enzyme in uitro by TAME and TLCK, and by the fact that both germination and the L-BAPNase were reversibly inhibited by TLCK.
Introduction
Bacterial spores exposed to germinating agents rapidly and irreversibly lose their unique spore properties (Gould & King, 1969; Setlow, 1981) . The mechanism responsible for these events is thought to operate through a chain of sequential reactions (Keynan, 1978; Setlow, 1981) which can be interrupted by inhibitors (Boschwitz et al., 1983 (Boschwitz et al., , 1985 Foster & Johnstone, 1986 ; Rossignol & Vary, 1977) or mutations (Moir et al., 1979; Abbreviations : BAPN A, benzoylarginine-p-nitroanilide ; D-BAPNA, benzoybarginine-p-nitroanilide; L-BAPNA, benzoyl-L-arginine-pnitroanilide; DPA, pyridine-2,6-dicarboxylic (dipicolinic) acid; GSLE, germination-specific cortex-lytic enzyme; IDs0, inhibitory dose leading to 50% effect; PheVA, benzoyl-L-phenylalanyl-L-valyl-Larginine-p-nitroanilide; TAME, tosylarginine methyl ester; TLCK, tosyllysine chloromethyl ketone. Smith, 1985; Piggot et al., 1981) . The so-called 'trigger' reaction is mediated by a germinant receptor, probably located in the inner membrane of the spore (Janoff et al., 1978; Vary, 1978) . This reaction commits the spore to germinate (Stewart et al., 1981) .
At a later stage in germination, spore-specific substances are solubilized and excreted (Gould & Hitchins, 1965; Gould & King, 1969) . During this degradative stage, the spore cortex is broken down by a germinationspecific cortex-lytic enzyme which is activated after the trigger reaction. The enzyme has recently been purified and described by Foster & Johnstone (1987 . The sequential relationship between the initial trigger reaction and the later degradative steps is not well understood.
In earlier work (Boschwitz et al., 1983 (Boschwitz et al., , 1985 we suggested that a protease may be involved in germina-H . Boschwitz and others tion of B . cereus T spores, since some trypsin inhibitors interrupted normal germination. In B. cereus T spores we found that three distinct proteases were present (Boschwitz et al., 1985) . Two of them were considered not to be involved in germination, because germination proceeded normally when they were extracted or inactivated by heat. The third activity could not be demonstrated in intact dormant spores but appeared during germination. Differences between hydrolysis of L-and DL-BAPNA by this enzyme were detected, but no D-BAPNA was then available to us.
In order to assess the relevance of the above findings to spore germination in general, we have extended our investigations to B. subtilis 168. This strain was chosen because it has a well-established genetic map, on which 13 germination loci have been placed (Moir & Smith, 1985) . Since D-and L-BAPNA have now become available as distinct substrates, we have investigated the kinetics and inhibition pattern of D-and L-BAPNAhydrolysing enzymes separately. We have also extracted some of the trypsin-like activities in order to define and study these enzymes in vitro.
In our previous reports, the decrease in optical density was the main criterion for monitoring germination. In this study we measured in more detail the effect of enzyme inhibitors on the increase in heat sensitivity and excretion of dipicolinic acid, in order to locate the effect of the inhibition in the chain of germination events. We present evidence that trypsin-like enzymes are involved in the germination of spores from several strains of Bacillus, and that one of these enzymes acts at a very early stage of germination.
Methods
Strains. Bacillus subtilis 168 (trpC) came from the collection of H. 0. Halvorson. The strain was grown in exhaustion medium (Sterlini & Mandelstam, 1969) , and dormant spores were purified as previously described (Boschwitz et at., 1983) . Preparation of spores of B. cereus T was as before (Boschwitz et al., 1983) .
were purchased from Bachem. Leupeptin and benzoyl-L-arginine-pnitroanilide (L-BAPNA) were purchased from the Peptide Institute Inc., Japan. The following substrates and inhibitors were purchased from Sigma : tosylarginine methyl ester (TAME), tosyllysine chloromethyl ketone (TLCK), dithioerythritol (DTE), and CHES buffer. Other chemicals were of analytical grade.
Inhibition of germination. Germination was conducted as before (Boschwitz et al., 1983 (Boschwitz et al., , 1985 , with L-alanine (1 mg mi-') as the germinant for B. subtilis 168, in the presence of several concentrations of TAME, TLCK, leupeptin, L-BAPNA or D-BAPNA. The decrease in optical density (OD,,,) and the IDso of each inhibitor were measured as before (Boschwitz et al., 1983 (Boschwitz et al., , 1985 . For measurement of heat resistance, samples were diluted with hot 100 mM-D-alanine, incubated at 80 "C for 10 min and plated for counting colonies. To determine IDSo, the reciprocal of percentage heat-sensitive spores was plotted against the concentration of the inhibitors (Dixon plot; Boschwitz et al., 1983 Boschwitz et al., , 1985 . For measurement of release of dipicolinic acid (DPA) the spores were extracted according to Janssen et al. (1958) , and DPA was determined in extracted spores or in the germination medium by the method of Scott & Ellar (1978) . For ID,, determination the reciprocal of percentage DPA released was plotted against inhibitor concentration.
Measurement of proteolytic activities with chromogenic substrates. The chromogenic substrates D-BAPNA, L-BAPNA and L-PheVA were dissolved in dimethyl sulphoxide (DMSO) at a concentration of 100 mM. Germinated spores or extracts derived from them, or broken dormant spores, were incubated at 45 "C with BAPNA (1 mM) or at 37 "C with PheVA (0.5 mM) in 0.05 M-Tris/HCI buffer, pH 7.6, with 200 pg chloramphenicol ml-l. Release of p-nitroaniline @NA) was measured at 410 nm, and the rate of spontaneous substrate hydrolysis was subtracted. Inhibition constants were calculated as before (Boschwitz et al., 1985) .
Extraction of germinated spores. Dormant, heat-activated spores were germinated at 37°C in 1 litre of a germination medium containing 425 mg of lyophilized dormant spores of B. cereus T for 40 min or 150 mg of B. subtilis 168 for 120 min to ensure complete germination. The germinated spores were washed in 3 litres 50 mM-Tris/HCl, pH 7.5, and extracted according to in CHES buffer with 25 mM-DTE and 2 M-urea. Spores of B. cereus T were extracted at pH 9-2 for 1 h, and spores of B. subtilis 168 at pH 9.8 for 20 h, in the presence of chloramphenicol(200 pg mi-'). About 90% of the proteolytic activity of B. cereus T and about 50% of that of B. subtilis 168 were extracted. Determination of protease activity in both extracts and extracted spores indicated that the procedure did not inactivate the proteases measured in this work. Chemical treatment of germinated spores was found to be more efficient than mechanical breaking for extraction of protease activity.
Breaking of dormant spores of B. cereus T. Dormant spores (300 mg in 10ml distilled water) were heat-shocked at 70 "C for 30min to eliminate the 'coat enzyme' (Boschwitz et al., 1985) and then left at room temperature for 24 h in order to reverse the heat-activation (Keynan et al., 1964) . In this high concentration, the spores do not germinate. Spores were broken as before (Reusch et al., 1982) .
Separation of' trypsin-like enzymes by non-denaturing polyacrylamide gel electrophoresis (PAGE). This was done as described before (Gofshtein-Gandman et al., 1988) . The stacking gel (2 cm long) contained 5% (w/v) acrylamide. The apparatus was run at a constant current (25 mA) for 2-3 h, at which point the bromophenol blue had moved 10 cm, including the area of the stacking gel. The gel slices were incubated for 24 h with 1.0 ml 0.05 M-Tris/HCI buffer, pH 7.6, containing CaCI, (1 mM), chloramphenicol(200 pg ml-l), and chromogenic substrate -BAPNA (1 mM) at 45 "C or PheVA (0.5 mM) at 37 "C.
Inhibition of the decrease in optical density during germination of B. subtilis 168
In previous work we have shown that germination of Bacillus cereus T spores is partially prevented by several inhibitors of trypsin-like enzymes (Boschwitz et al., 1983 (Boschwitz et al., , 1985 . In order to investigate the relevance of these observations to spore germination in general, we tested these inhibitors on spores of other species of Bacillus.
In preliminary experiments we found that germination of Bacillus thuringiensis, Bacillus sphaericus and Bacillus licheniformix, as measured by the decrease of oDtical 
B. subtilis 168 and B. cereus T by trypsin inhibitors
Germination, assays of heat resistance, DPA release and optical density, and calculations of IDSo were done as described in Methods. All constants are the results of 4-15 independent density, was completely inhibited by TAME (36 mM) and TLCK (10 mM ID,, (mM) of germination terium KM (Foster & Johnstone, 1986) and B. subtilis (Venkatasubramanian & Johnstone, 1989 germinated, and the inhibitory doses (ID,,) were determined for leupeptin and TLCK as well as for the trypsin-like enzyme substrates TAME and BAPNA. We had previously found (Boschwitz et al., 1985) that there is a difference between the hydrolysis of the two stereoisomers, D-and L-BAPNA, by spore suspensions, and we therefore measured the inhibitory effect of both. presence of various concentrations of TAME. Increasing measured* $ Because BAPNA was used in aqueous solution (soluble up to 6 mM) it was not possible to determine its ID,, for loss of heat resistance or DPA release. At the concentrations used. BAPNA had no effect.
inhibition was Observed with increasing TAME ' Once' -trations* From the data in Fig. (a) we Obtained the inhibition constant (ID50, see Methods) ( Fig. 1 b) , which in the present experiment was 11 mM. By repeating such experiments with different inhibitors, we found that the most potent inhibitor of the decrease of optical density in the substrate L-BAPNA (Table 1) .
suspensions of germinating spores of B. subtilis 168 was therefore measured the effect of the various inhibitors on the loss of heat resistance. The measurements of extent of germination were made after 80min. It had been Inhibition of the loss of heat resistance during germination determined that these results were Similar to those of B. subtilis 168 obtained after 15 min of germination, at the linear phase. Fig. 2(a) shows the effect of TAME on loss of heat The loss of heat resistance is one of the first events in resistance. In this case there was good agreement germination, whereas the decrease of optical density between the ID,, values for decrease of optical density occurs late in the sequence of events (Keynan, 1978) . We and of heat resistance (Fig. 2, TLCK, leupeptin and D-and L-BAPNA the ID,, for loss of heat resistance was significantly higher than the IDs0 for decrease of optical density (Table 1) .
Inhibition of the release of DPA in germinating spores of B . subtilis 168
In order to determine more precisely the stage at which the trypsin-like enzyme acts, we tested the effect of the above inhibitors on DPA release (see Methods). TAME inhibited the release of DPA at relatively low concentrations (IDSo 8.5 mM) to the same extent as it inhibited loss of heat resistance and decrease of OD (Table 1) . Fig. 3 gives the results of a representative experiment, showing DPA release in the presence of TAME (Fig. 3a) and its IDs0 determination (Fig. 3 b) .
As can be seen from Table 1 , TAME differs from all the other inhibitors in its pattern of inhibition of B. subtilis 168 germination. While TAME inhibited all germination events with about the same ID,,, all other inhibitors tested inhibited the decrease of optical density with a much lower IDS, than the loss of heat resistance and the release of DPA.
Statistical analysis of lengths of dormant, inhibited and germinated spores
Further evidence that TAME inhibits spore germination at an early stage was obtained from electron micrographs. In B. subtilis 168 we observed significant differences in length between dormant spores (1.0219 0.1 147 pm; mean of 40 measurements & SE) and germinated spores (1 -29 15 & 0.1 1 17 pm). (A detailed account of this work will be published separately.) Among the inhibited spores the length of spores inhibited by TAME was the closest to that of dormant spores, while other inhibitors enabled further swelling, and the length of spores treated with them was closer to the germinated ones. This observation is in agreement with the above suggestion that germination is interrupted by TAME at an early stage and by all other inhibitors at a later stage. 
Trypsin-like enzymes in

Inhibition of germination of spores of B. cereus T by inhibitors of trypsin-like enzymes
In previous work (Boschwitz et al., 1983 (Boschwitz et al., , 1985 we have shown that inhibitors of trypsin-like enzymes inhibited the germination of spores of B. cereus T, as measured by the decrease of optical density. Since the results described above point to differences in the mode of action of various protease inhibitors in B. subtilis 168, we also measured the effect of these inhibitors on loss of heat resistance in germination of B. cereus T. Table 1 shows that for all the inhibitors used in this study there was good agreement between IDs0 values measured either by the loss of heat resistance or by decrease of optical density. We concluded that in B. cereus T all inhibitors tested were acting similarly on early and late germination events.
Hydrolysis of chromogenic substrates by trypsin-like enzymes in dormant and germinated spores of B. cereus T and B. strbtilis 168
To verify the presence of a trypsin-like enzyme in spores and to correlate its activity with germination, we incubated spores with a chromogenic substrate of trypsin, BAPNA, and studied its hydrolysis. In our previous study of B. cereus T, DL-BAPNA and L-BAPNA were used (Boschwitz et al., 1985) . In the present study we used L-and D-BAPNA as separate substrates for both B. subtilis 168 and B. cereus T spores. The hydrolysis of a third protease substrate, L-PheVA, was also tested in both species.
Although we found, as in our previous work, some protease activities in intact dormant spores of B. cereus (Boschwitz et al., 1985) and B. subtilis (unpublished results), these activities were heat labile and could be totally eliminated by heat activation of dormant spores without interfering with the germination process (see 'coat enzyme' and 'ectoenzyme' in Boschwitz et al., 1985) . We therefore used heat-activated spores in subsequent studies.
When heat-activated spores of B. cereus T, showing no proteolytic activity, were disrupted with the Braun MSK cell disintegrator, in most cases the preparations tested contained low levels of all three trypsin-like activities mentioned above (see Fig. 4a ). However, significant variations in the level of L-BAPNA-hydrolysing enzyme were found in different extracts (see below).
Upon germination of heat-activated spores of both B. cereus T and B. subtilis 168, an increase in D-BAPNA and L-PheVA hydrolytic activities was detected (Fig. 4b, c) , while the L-BAPNA hydrolytic activity seemed to decrease (compare Figs 4a and 4 b) . These activities were found in both the presence and absence of chloramphenicol(200 pg ml-*) in the germination medium, indicating that these enzymes were not synthesized during germination. We therefore concluded that there is an activation or exposure of D-BAPNA and L-PheVA hydrolytic activities upon germination. 
H . Boschwitz and others
Extraction and separation of trypsin-like activities from germinated spores
Several methods were used to extract these enzymes from dormant and germinated spores. Disruption of dormant and germinated spores in the Braun MSK cell disintegrator did not yield satisfactory results because of occasional heating of the samples and enzyme inactivation. We therefore used extraction for 1 h in a high-pH buffer containing 2M-urea and DTE (see Methods). This procedure, though successful in extracting a large part of the above activities in B. cereus T (see below) and quite reproducible in germinated spores, was not efficient for spores of B. subtilis 168. However, better extraction of trypsin-like activities could be achieved by using a more vigorous extraction procedure (5-16 h at 37 "C at pH 9.8). Even these conditions extracted only 40-50% of the enzymic activities from germinated spores of B. subtilis 168, with the rest remaining in the extracted spores. The method was effective only for germinated spores. The enzymes were not extractable from dormant spores, even if they were permeabilized in urea and mercaptoethanol (Boschwitz et al., 1983) . By separating the extracted proteins on 12% (w/v) polyacrylamide gels under non-denaturing conditions, slicing the gels and determining directly the hydrolysis of D-BAPNA, L-BAPNA, and L-PheVA (see Methods) we obtained the following results (Fig. 5) . In both species the three activities migrated to different positions on the gel. The activities of D-BAPNase and L-PheVase in B. cereus T and B. subtilis 168 peaked in different slices. LBAPNase peaked in a quite distinct slice from those containing the D-BAPNase or L-PheVase. This separation indicates that the three enzymes are different enzymic entities.
Three more points are worth mentioning. One is the lack of Coomassie-blue-stainable protein bands in the slices containing the enzymic activities (data not shown), which indicates their low concentration in spore extracts. Secondly, the L-BAPN A-hydrolysing enzyme was present in variable amounts in the extracts. Sometimes this activity could be measured and sometimes it was barely detectable (see above). Thirdly, the separated activities on the gel represented a large fraction (80-90%) of the total activity measured in crude extracts of spores.
Inhibition of the various trypsin-like enzymes from B. cereus Tspores
In order to test whether any of the enzymes extracted is involved in germination, we compared inhibition profiles and constants of germination and of enzymic activity using three inhibitors. Since the enzymic activities were more readily extracted from B. cereus T spores, we used the enzymes from this species for this series of experiments. Furthermore, the agreement between inhibition constants of the various inhibitors of germination measured (see Table 1 ) suggested that in B. cereus T a single enzymic activity is involved, or is limiting, in the germination of spores.
We performed several initial velocity studies with D-BAPNA, L-BAPNA and PheVA as substrates, using Trypsin-like enzymes in Bacillus spore germination 1 15 1 enzymes with TLCK at concentrations which led to 100% inhibition of germination (5-10 mM) and then dialysed extensively against Tris/HCl buffer (pH 7.0). We found that the inhibition persisted, and no activity could be recovered after dialysis (data not shown). When the L-BAPNA-hydrolysing enzyme from broken dormant spores was incubated with 5 mM-TLCK, 90% loss of enzyme activity was again observed, but 50-60% of the initial activity could be recovered after dialysis, indicating the reversibility of TLCK inhitition in this enzyme. 1 Determined in broken dormant spores.
various concentrations of three inhibitors (leupeptin, TAME and TLCK), and analysed the inhibition profiles of the enzymes. Lineweaver-Burk plots showed that all the inhibitors were competitive with the substrates (data not shown). We assume that the inhibitors interrupt the germination process by competing with an unknown cellular substrate of a trypsin-like enzyme(s). We constructed Dixon plots for the soluble enzymes in order to compare the K, values with the ID50 values of germination. Table 2 summarizes K, values obtained from several such experiments with broken dormant spores (e.g. Fig. 4a) , and with germinated spores (e.g. Fig. 4b ) and extracts of germinated spores. It seems that D-BAPNase is freely available to the substrate in germinated spores of B. cereus T, as is evident from the similarity of K, values in the intact germinated spores and their extracts. This is in contrast to dormant spores, in which the permeability of substrates and inhibitors appears to be impaired (see reduction in IDs0 after permeabilization in Boschwitz et al., 1983) . However, the enzyme for which the K, values are closest to the ID50 figures for spore germination is L-BAPNase (ID50 values on permeabilized spores for TAME and TLCK were 4 mM and 0.56 mM, respectively: Boschwitz et af., 1983). This suggests the possibility that the L-BAPNase may be involved in germination.
A further property which might help to identify a trypsin-like enzyme as a possible participant in the germination process is the reversibility of the inhibition by TLCK. We previously showed that this reagent, which is known to inhibit trypsin by covalent modification of a reactive histidine in the active site (Shaw et al., 1965) , is a reversible inhibitor of B. cereus T spore germination (Boschwitz et al., 1983) . We therefore incubated the extracted 'D-BAPNase' and 'L-PheVase'
In previous work (Boschwitz et al., 1983 (Boschwitz et al., , 1985 we suggested that a trypsin-like enzyme might be involved in the germination of spores of B . cereus T. In this paper we extend these studies to other species of Bacillus. Our results, as well as the observations of Foster & Johnstone (1986) , indicate that bacterial spore germination in general most probably involves trypsin-like proteolytic step( s) .
In B. cereus T there was good agreement of IDs0 values of the early germination event and the very late event (Table 1) . We assume that intermediate events will be inhibited to the same extent. We concluded that during germination of B. cereus T spores a trypsin-like enzyme acts before or at the stage of loss of heat resistance. Inhibition of this step would block all later events. However, we could not exclude the possibility that there is a second proteolytic step, that is less affected by the inhibitors used. Such a step might be detected by the use of a different inhibitor which would inhibit the second step with a lower IDso value than the first step. The ID50 values were reproducible for any given batch of spores, although there were some quantitative differences when intact spores from different batches were used. Much smaller differences were found in permeabilised spores.
Our results on germination of B . subtilis 168 spores extend those of Venkatasubramanian & Johnstone (1989) , that there are at least two distinct stages during this process that are inhibited by trypsin inhibitors. Our observations can form the basis for a two-step model for protease involvement in germination. The first step occurs at or before loss of heat resistance and involves an enzyme which is inhibited by TAME but not by the other inhibitors used in this study. This step might be identical or similar to the proteolytic step described by Foster & Johnstone (1986 , 1987 , by which the pro-form of the germination-specific cortex-lytic enzyme (GSLE) is processed into active cortex-lytic enzyme. A second proteolytic step, which occurs after DPA release, at or before the decrease of optical density, involves an enzyme that interacts efficiently with all inhibitors used (with the probable exception of TAME). This notion of two sites was further strengthened by electron microscope studies. These observations also strengthen the concept of germination progressing in a temporal series of events in which TAME interrupts a very early event while other inhibitors intervene (in low concentration), in a late germination event. Since the first site is inhibited by TAME with a given IDs0, we have no knowledge at the moment of whether the second site is also interacting with TAME (possibly with an equal or higher ID Unfortunately, due to heterogeneity of the spore population in B. subtilis 168 and very rapid germination events in B. cereus T, we could not study accurately the commitment stage (Stewart et al., 1981) of germination in either strain. Therefore, we could not study the involvement of the first proteolytic step in the commitment stage.
It will be interesting to investigate whether one of the proteases described here is responsible for the processing of the pro-form of GSLE to the active enzyme (Foster & Johnstone, 1988) , and is the key enzyme for starting germination.
Which of the proteases that we have detected is involved in the germination process? Due to the fact that the work was done primarily on B. cereus, we can discuss the enzyme only in this species. Only the inhibition constants (Ki) of two inhibitors used for the L-BAPNA hydrolysing enzyme (TAME and TLCK) seemed to be similar to the inhibition constant of germination (IDs0) found for permeabilized B. cereus T spores ( Table 2 and Boschwitz et al., 1985) . Moreover, TLCK inhibited the L-BAPN A-hydrolysing enzyme and germination reversibly but the other enzymes irreversibly. The D-BAPNase can be found in vegetative cells of B. cereus T (and B. subtilis 168; Gofshtein-Gandman et al., 1988) in much larger quantities than in their spores, and is therefore not a spore-specific enzyme. By contrast, the L-BAPNase, which cannot be detected in vegetative cells of bacilli (Gofshtein-Gandman et al., 1988), seems to be a typical spore-specific enzyme. Furthermore, the presence of relatively high activity of L-BAPNA (Fig. 4a) and its relatively fast decay (Fig. 46, c ) strengthen our assumption that L-BAPNase is a spore enzyme involved in germination. These observations taken together are consistent with the assumption that the L-BAPNase is part of the mechanism responsible for germination, at least in B. cereus T. On the other hand anothe LBAPNase, which is heat-sensitive, is also present in dormant spores (Boschwitz et al., 1985) , and its relationship to the L-BAPNase which appears during germination is not clear. One has therefore to suspend judgement on the role of L-BAPNase in germination until the interrelationship between these two enzymes is clarified. Moreover, our evidence that there is a second stage in B. subtilis 168 germination also inhibited by inhibitors of trypsin-like enzyme opens up the possibility that D-BAPNase or L-PheVase, or another enzyme(s) yet unidentified, might also participate in the germination events. As in other biological processes in which proteolytic enzymes play a dominant role for instance the clotting of blood -it is possible that several proteolytic enzymes sequentially linked in a 'cascade' might be involved in germination.
The amount of L-BAPN A-hydrolysing enzyme differed in various spore preparations in B. cereus T. No such large variation was apparent with the two other enzymes (L-PheVase and D-BAPNase). It may be that the L-BAPNA-hydrolysing enzyme, which probably occurs in minute quantities in the dormant heatactivated spores, is either especially unstable during the spore breaking or extraction process, or autodigests, or alternatively is especially sensitive to another proteolytic enzyme or other modifier present in the broken spores. Work is in progress in our laboratory to establish conditions for stabilizing the L-BAPNase. In such a stabilized preparation one could investigate whether the addition of D-alanine during spore breakage would inhibit this enzyme and whether L-alanine will restore this activity. If so it will point strongly toward the involvement of L-BAPNase in germination.
In summary, we have shown that at least one trypsinlike enzyme is involved in the germination of B. cereus T spores, and that apparently two such enzymes are involved in germination of B. subtilis 168. We also have evidence for the involvement of trypsin-like enzymes in the germination of other spore-formers. We therefore suggest that the activation and function of one or more trypsin-like enzymes is necessary for the germination of bacterial spores, and that a trypsin-like enzyme acts prior to, or at, the loss of heat resistance by the germinating spores. A second trypsin-like proteolytic step is evident in B . subtilis, acting before or at the decrease of the optical density.
